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ABSTRACT: As part of ongoing surveillance for avian influenza viruses (AIV) in Peruvian birds, in
June 2008, we sampled 600 land birds of 177 species, using real-time reverse-transcription PCR. We
addressed the assumption that AIV prevalence is low or nil among land birds, a hypothesis that was
not supported by the results—rather, we found AIV infections at relatively high prevalences in birds
of the orders Apodiformes (hummingbirds) and Passeriformes (songbirds). Surveillance programs
for monitoring spread and identification of AIV should thus not focus solely on water birds.
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INTRODUCTION
The emergence and hemispheric spread
of highly pathogenic avian influenza (HPAI)
H5N1 over the past 13 yr led to renewed
surveillance for avian influenza viruses
(AIV) and study of influenza ecology. Wild
birds, particularly of the aquatic bird
orders, Anseriformes (ducks and geese)
and Charadriiformes (shorebirds, gulls, and
terns), are widely considered to be AIV
reservoirs, particularly for low-pathogenic
strains (Swayne and Suarez, 2000). As a
result, surveillance for AIV (and particularly
for HPAI H5N1) has emphasized surveil-
lance in water birds (DeLiberto et al., 2009;
Hesterberg et al., 2009). Despite the appar-
ent association with water birds, however,
AIV (including HPAI H5N1) have been
detected more broadly across class Aves
(Peterson et al., 2008; Hesterberg et al.,
2009; Cumming et al., 2012; Thinh et al.,
2012), although some studies have shown
0% prevalence in land birds (Munster et al.,
2007). Nonetheless, known HPAI H5N1
hosts are diverse, and land birds may play an
important transmission role that is poorly
characterized (Kou et al., 2009).
Given the limited surveillance of South
American wild birds, information on AIV
host distribution and genotypes there is
sparse (Spackman et al., 2007). To date,
AIV has been detected in wild birds in
Argentina (Pereda et al., 2008; Alvarez et al.,
2010), Bolivia (Spackman et al., 2007),
Brazil (Senne, 2007), Chile (Suarez et al.,
2004), Peru (Ghersi et al., 2009), and the
Caribbean (Douglas et al., 2007). Surveys in
North America have detected AIV in birds
that migrate between North and South
America (Hanson et al., 2008; Dusek et al.,
2009). Highly pathogenic influenza has
been detected once in South America:
H7N3 in poultry at Los Lagos, Chile
(Suarez et al., 2004). Highly pathogenic
avian influenza H5N1 has not been detect-
ed in the Western Hemisphere.
We conducted broad-scale influenza
surveillance among land birds to assess
the distribution of AIV strains among land
birds in Peru. Our goal was to produce a
baseline understanding of AIV prevalence
before the annual influx of boreal migrant
species and any AIV that they might
introduce into the environment. Ours is
the first broad-scale analysis of AIV distri-
bution in South American land birds; to our
knowledge, we document the first detec-
tion of influenza in hummingbirds (family
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Trochilidae), and indeed in all avian host
species found positive in this study.
METHODS
Field methods
In June 2008, we sampled birds from
two, mostly forested, Andean sites in
Ayacucho Department, Peru, within 3 km
of the towns of Ccano (12.785uS, 73.995uW)
and Tutumbaro (12.733uS, 73.956uW), at
elevations of 2,800–3,100 m and 1,800–
2,000 m, respectively (Fig. 1). Ccano is best
characterized as covered by anthropogeni-
cally modified, high-elevation cloud forest
near treeline, whereas Tutumbaro presents
mid-elevation cloud forest along a rushing
Andean river. The two sites were separated
by approximately 10 km of horizontal
distance (considerably more by road).
Sampling was conducted by mist netting
and selective harvesting with shotguns; all
individuals were apparently healthy when
sampled.
All birds sampled were euthanized
before sampling, following protocols ap-
proved by the University of Kansas Insti-
tutional Animal Care and Use Committee.
Voucher specimens were prepared follow-
ing standard procedures for the identifica-
tion of each sample and to document host
sex, age, and condition. Voucher specimens
were deposited at the University of Kansas
Natural History Museum, Lawrence, Kan-
sas, USA and Centro de Ornitologia y
Biodiversidad (CORBIDI), Lima, Peru.
Ages of host individuals were determined
by plumage characteristics, skull ossifica-
tion, and dissection to determine presence
or absence of a bursa of Fabricius.
All tissue sampling for virus testing was
done in field camps, to minimize capture-
to-processing time intervals; live-captured
birds were maintained in cloth bags under
cool conditions, and all were euthanized
within 1 hr of capture. Oral pharyngeal and
cloacal swabs were collected by inserting a
sterile cotton swab into the body orifice and
moving it across all surfaces inside. In
general, the entire lung was collected,
although for larger birds, only a single lobe
was preserved; for most birds, the entire
intestine was sampled, although for larger
birds, only the anterior portion was pre-
served. Swabs and tissue samples were
collected immediately after euthanasia,
frozen immediately in liquid N2 in cryo-
tubes without any buffers, and maintained
at280 C until testing; individuals collected
by shotgun were prepared as soon as
feasible postmortem, and kept as cool as
feasible in the interim.
RNA extraction and viral characterization
Each specimen type (oral pharyngeal
and cloacal swabs, intestine and lung tissue
samples) was pooled by species (maximum
six individuals/pool). Viral RNA from in-
testine and lung samples was extracted on
FIGURE 1. Northern Ayacucho, Peru, showing
the two Andean sites from which land birds were
collected and tested for influenza A virus infections.
Prevalences were 1.5% (n5265) in Ccano (triangle):
and 1.2% (n5335) in Tutumbaro (diamond). Eleva-
tion is indicated by shading; low elevation (light gray)
through to high elevation (dark gray)—see legend for
detail. Ayacucho Department is highlighted in dark
gray in the map of Peru (inset), and the Northern
Ayacucho study site is marked (square).
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dry ice, or directly from swabs using the
QIAamp Viral RNA Mini Kit (Qiagen,
Valencia, California, USA). Intestine and
lung tissue were homogenized using a high-
speed mechanical homogenizer (Mixer Mill
MM300; Qiagen) for 1 min at 6,000 3 G,
and viral RNA was extracted from the
supernatant using the RNEasy Mini Kit
(Qiagen), with the minor modification that
10 mL of b-mercaptoethanol was added to
1 mL of buffer RLT before use.
All samples were tested for influenza
Matrix gene by real-time reverse-transcrip-
tion (rRT)-PCR using the US Centers for
Disease Control and Prevention (CDC)
protocol released on 6 October 2009
(revision 2) (www.who.int/csr/resources/
publications/swineflu/realtimeptpcr/en/
index.html). Invitrogen SuperScriptTMIII
PlatinumH One-Step Quantitative Kit (In-
vitrogen Inc., Carlsbad, California, USA)
was used for nucleic acid amplification,
with a 20-mL reaction mixture containing:
5.5 mL of nuclease-free water, 0.5 mL of
each primer (20 nmol), probe, and kit-
supplied RT-PCR superscript enzyme,
12.5 mL of kit-supplied RT-PCR master
mix, and 5 mL of extracted viral RNA. The
primers/probe for reverse transcription of
viral RNA gene were: GAC CRA TCC TGT
CAC CTC TGA C (forward); AGG GCA
TTY TGG ACA AAK CGT CTA (reverse);
FAM-TGC AGT CCT CGC TCA CTG
GGC ACG-BHQ-1 (probe). The RRT-
PCR was carried out in an ABI Prism
7500 machine (Applied BiosystemsTM, Fos-
ter City, California, USA), with the follow-
ing conditions for the RT step (50 C for
30 min and 95 C for 2 min) and for the PCR
amplification (95 C for 15 sec and 55 C for
30 sec for 45 cycles), collecting fluores-
cence data during the 55 C incubation step.
Results were read before 40 cycles were
completed. Pools with Ct (threshold cycles)
values of ,40 were considered positive,
following the CDC protocol referenced
above. Individual samples from positive
pools were tested further to establish the
identity of the positive individual using the
same protocols as described above. Two
positive controls were used for all rRT-PCR
testing, one human positive control, sup-
plied in the CDC kit, and the other
obtained from a wild bird sample (Ghersi
et al., 2009). Primers for internal control
were unavailable.
Samples determined positive by rRT-
PCR were processed for conventional PCR
to amplify the matrix (M) and neuramini-
dase (NA) genes. The gene segments of
AIV were amplified by RT-PCR (Hoff-
mann et al., 2001), using the primers
described therein. Briefly, 4 mL of RNA
were transcribed into complementary
(c)DNA using avian myeloblastosis virus
reverse transcriptase (Promega, Madison,
Wisconsin, USA) following the manufac-
turer’s protocol, and 500 ng of Uni12
primer in a 30-mL reaction mix. The RT
reaction was performed at 42 C for 60 min;
1 mL of the RT reaction was used for each
PCR reaction. The cDNA was amplified
using the Expand High-Fidelity PCR
system (Roche Diagnostics, Mannheim,
Germany) following manufacturer’s proto-
cols. The final concentration of Mg2+ ions
was 1.5 mM; primer concentrations were
1.5 mM. The first cycle consisted of 4 min at
94 C, followed by 30 cycles with the
following conditions: 94 C for 20 sec, 58 C
for 30 sec, and 72 C for 7 min, and a final
extension of 7 min at 72 C.
After amplification, 10 mL of each
reaction mixture was analyzed by electro-
phoresis with a 2% agarose gel containing
0.5 mg/mL ethidium bromide in tris-borate-
ethylenediaminetetra-acetic acid buffer
gels. Products were visualized under UV
light. A 1-kb DNA ladder was included on
each gel. Bands from this amplification
were purified using a QIAquick PCR
Purification Kit (Qiagen) and directly
sequenced with the BigDye 3.1 terminator
kit (Applied BiosystemsTM) on an ABI 3730
(Applied BiosystemsTM).
We attempted viral isolation to obtain
reference material, and to confirm the
findings of rRT-PCR. Positive pools and
all individual samples from positive pools
(stored before RNA extraction) were
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centrifuged and filtered (Millex 0.45 mm)
before inoculation of 0.2 mL into the
allantoic cavity of four specific-pathogen-
free, 9-day-old chicken embryos. Eggs
were incubated for 6 days; survival was
checked daily. Allantoic fluid of each egg
was tested for hemagglutinating agents by
a direct hemagglutination assay (Swayne
et al., 1998). First-passage negative pools
were repassaged twice for a total of three
passages. The influenza sequence that was
obtained (GenBank HQ420901) was com-
pared with published sequences using the
National Center for Biotechnology Infor-
mation’s Basic Local Alignment Search
Tool (BLAST; http://www.ncbi.nlm.nih.
gov/blast/Blast.cgi) to identify closely re-
lated strains; sequence alignments were
carried out with ClustalX (Larkin et al.,
2007) using default parameters.
Statistical testing
Odds ratios (ORs) and 95% confidence
intervals (CIs) were calculated to measure
associations between numbers of positive
versus negative influenza cases in individ-
uals and species of different avian orders
and families (e.g., Apodiformes versus
Passeriformes; taxonomy and general eco-
logical classification follow Schulenberg
et al., 2007). Relationships were tested
using Pearson’s chi-square tests or Fisher’s
exact tests when sample sizes were ,100.
Associations were considered statistically
significant on the basis of an a,0.05. For
the purposes of statistical analysis, we made
the conservative assumption that only one
individual was positive in the two pools for
which we were unable to determine the
infected individual’s identity. We developed
analyses across all individuals and species so
as to avoid dominant effects caused by large
samples of single species in broader analy-
ses. All statistical analyses were carried out
using SigmaPlot 11.0 (Systat Software Inc.,
Chicago, Illinois, USA).
RESULTS
Samples were collected from 600 indi-
viduals of 177 species (Table 1, Supple-
mentary Table 1). Eight of 196 pools (4.1%)
of all sampling types were positive by rRT-
PCR (Table 1). The identity of six of the
eight individuals that were PCR-positive for
AIV was established; the identity of the
positive individual within two pools could
not be established (Table 2). Positive spe-
cies were all from the orders Apodiformes
(3 of 19 species; 15.8%; all Trochilidae) and
Passeriformes (5 of 127 species; 3.9%);
these orders constituted 10.7% and 76.3%
of the species in the overall sample,
respectively. Among Passeriformes, two
positive pools were detected in the New
World warbler family Parulidae (two of six
species; 33.3%). Four positive pools were
detected from each site. Five of 194 oral
pharyngeal, one of 192 cloacal swabs, three
of 194 lung, and zero of 191 intestine pools
were positive. Only one sample from the
Peruvian Wren (Cinnycerthia peruana) was
TABLE 1. K (number of positive individuals) of N (total number of individuals), for families and orders in
which avian influenza virus (AIV) infections were detected. Prevalences are shown as percentages in
parentheses. Overall prevalences are shown at bottom of the table. Eight individuals (from five families and
two orders) were AIV positive from 600 individuals sampled. The detected AIV prevalence was zero in the
remaining 31 families/12 orders of birds.
Positive orders Positive families % Positive Ccano % Positive Tutumbaro % Positive total
Apodiformes Trochilidae 0/38 (0.00) 3/37 (8.11) 3/75 (4.00)
Passeriformes All 4/202 (1.98) 1/257 (0.39) 5/459 (1.09)
Furnariidae 1/20 (5.00) 0/29 (0.00) 1/49 (2.04)
Parulidae 1/10 (10.00) 1/27 (3.70) 2/37 (5.41)
Thraupidae 1/51 (1.96) 0/52 (0.00) 1/103 (0.97)
Troglodytidae 1/16 (6.25) 0/10 (0.00) 1/26 (3.85)
All: 14 orders 36 families 4/263 (1.52) 4/337 (2.37) 8/600 (1.33)
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positive for more than one sample type (oral
pharyngeal swab and lung). All sample
types (i.e., lung, intestine, swabs) were
tested from all positive pools, with the
exception of the Blue-tailed Emerald, a
hummingbird (Chlorostilbon mellisugus),
for which insufficient lung was available
for testing.
We found a significant association
(Supplementary Table 2) of AIV preva-
lence and host order, with Apodiformes
(hummingbirds; 3 of 19 species and 75
individuals) more prone to AIV infection
than all other individuals (5 of 158 species
and 525 individuals; OR 5.7; 95% CI 1.4–
24.1; P50.012; OR 4.3; 95% CI 1.1–16.8;
P50.031; for species and individuals,
respectively). Families Parulidae (New
World warblers) and Trochilidae (hum-
mingbirds) showed prevalences statistical-
ly significantly higher than expected as
compared with other families.
No positive species belonged to bird
groups particularly associated with water
(e.g., ducks, kingfishers, or shorebirds);
five species sampled that are associated
with water tested negative for influenza
among samples available. Prevalence
among nectarivorous species was signifi-
cantly higher than in nonnectarivores (OR
3.4; 95% CI 0.9–13.7; P50.045). We did
not detect significant differences in influ-
enza prevalences between open-country
(1.7%) and forest (1.2%) species (cumu-
lative binomial probability, P50.312). We
detected no differences in AIV prevalence
among sites (cumulative binomial proba-
bility, P50.718).
Three individuals from rRT-PCR-posi-
tive pools were positive for the AIV matrix
gene (using primer pair Bm-M-1/Bm-M-
1027R; Table 2), and one 922-nucleotide
sequence (GenBank HQ420901) was ob-
tained, from the Greater Scythebill (Cam-
pylorhamphus pucherani; Passeriformes;
Dendrocolaptidae). Two individuals from
rRT-positive pools were positive for NA
(using primer pair Bm-NA-1/Bm-NA-
1413R, which is designed to detect NA
strains 1, 2, 4, 5, and 8). We found no
evidence for HPAI H5N1 presence,
though we were unable to fully character-
ize strains. No samples were positive by
the hemagglutination assay, and none
showed obvious cytopathic effects in egg
culture.
TABLE 2. Summary of avian influenza virus (AIV) reverse transcriptase (RT)-PCR-positive pool samples,
showing type of sample; positive number of individuals per pool; if PCR positive, for M (matrix) or NA
(neuraminidase, N1, N2, N4, N5, N8), and catalog number, if established. One 922-nucleotide M gene sequence
(GenBank accession number HQ420901) was obtained from a woodcreeper (Campylorhamphus pucherani).
Species
Sample
type a
No. samples in
RT-PCR
positive pool
PCR-positive
gene
KUNHMb/CORBIDIc
catalog number
Apodiformes
Chaetocercus mulsant C 1 CORBIDI uncataloguedd
Chlorostilbon mellisugus O 1 CORBIDI uncataloguedd
Coeligena coeligena O 4 Not established
Passeriformes
Anisognathus lacrymosus L 1 NA KU 112795
Basileuterus coronatus O 5 M CORBIDI uncataloguedd
Basileuterus luteoviridis O 6 Not established
Campylorhamphus pucherani L 1 M, NA KU 112898
Cinnycerthia peruana O, L 4 M CORBIDI uncataloguedd
a C 5 cloacal swab; L 5 lung; O 5 oropharyngeal swab; no intestine samples were positive.
b Kansas University Natural History Museum.
c Centro de Ornitologı´a y Biodiversidad.
d The identity of the individual was established, and the specimen is awaiting incorporation into the CORBIDI collection.
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The BLAST searches revealed that our
influenza strain shared .97% identity
with the 100 most similar influenza
sequences. Maximum identity was found
to M sequences from H10N7 serotypes;
however, at least 22 influenza serotypes
were found among the 100 most similar.
The 100 most closely related sequences
were detected in at least three bird orders,
but all were from North America.
DISCUSSION
This is the first broad survey for
influenza distributions in land birds in
South America. We are not aware of
previous detection of AIV in any of the
influenza-positive species we identified.
We also describe the first AIV detection
in hummingbirds (Apodiformes: Trochili-
dae) to the best of our knowledge; all
hummingbirds are at least in large part
nectarivorous. It is noteworthy that preva-
lence was higher among hummingbird taxa
than in other bird groups. Nectarivory is a
plausible transmission route for respiratory
diseases. However, as other nectarivores
were few in the communities sampled, the
high prevalence among hummingbirds may
be explained by factors unrelated to
feeding type. We should interpret these
results tentatively given small sample sizes.
Consideration of natural history charac-
teristics suggests that influenza infections
are broadly distributed with regard to
ecological characteristics of host species.
For instance, influenza infection prevalence
was higher in Parulidae and Trochilidae
than in other families. Parulidae are highly
social, insectivorous species that generally
travel in mixed flocks; in our sample, all
forest birds. By contrast, Trochilidae are
solitary, aggressively territorial, largely nec-
tarivorous, and (in our sample) mixed in use
of forest and more open habitats. We did
not detect significant differences between
influenza prevalences in open-country ver-
sus forest species, though we note that the
information on habitat use by species
reported (Schulenberg et al., 2007) is an
average for that species and may introduce
uncertainty.
Overall prevalence in Ayacucho (1.3%)
was more than triple that documented
recently in Peruvian water birds (0.4%)
tested in the Lima region of Peru (Ghersi
et al., 2009). Higher detection rates may
result from differences in field collection
protocols (swabs and tissue versus fecal
samples), laboratory detection methods
(viral isolation versus PCR protocols), or
epidemiologic aspects (e.g., temporal vari-
ation in prevalence is usually reported in
infected ducks), rather than reflecting
higher prevalences in land birds than in
water birds. Ayacucho prevalence was
nonetheless lower than the 2.3% found in
southern Chinese birds, and somewhat
lower than the prevalence in nonmigratory
birds in that study (1.8%; Peterson et al.,
2008). Our prevalence in Passeriformes
(1.1%) is lower than the prevalence found
in Anseriformes (3.0%), somewhat higher
than that in Charadriiformes (0.8%), and 10
times higher than that in Passeriformes
(0.1%) in a recent European study (Hester-
berg et al., 2009), and considerably lower
than prevalences found in a water-bird-
dominated surveillance in North America
(9.7% and 11% in 2007 and 2008, respec-
tively; DeLiberto et al., 2009). However,
our findings and others suggest that land
birds may play some role in hosting AIV and
merits further study (Peterson et al., 2008;
Hesterberg et al., 2009).
We detected AIV presence more fre-
quently in respiratory samples—oral pha-
ryngeal swabs (n55) and lung (n53) than in
gastrointestinal samples—cloacal swab
(n51) and intestine (n50). Only one
sample (from Cinnycerthia peruana) was
positive in more than one sample type (oral
pharyngeal swab and lung). The reasons for
these differential detections may be related
to presence of inhibitors, particularly in the
fecal material in cloacal and intestinal
samples (Suarez et al. 2007), or because
infection was localized to single tissue. In
the latter case, oral pharyngeal sampling
(note the higher detection rates in tissue
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samples related to respiratory function) for
AIV may result in higher detection rates,
although tissue specificity and localization
may vary among AIV types (Mo et al. 1997;
Gu et al. 2007; van Riel et al. 2007).
Regardless of the cause, this result indicates
the need for broader sampling of more
diverse tissues from birds for testing for
AIV.
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